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The quantum vacuum
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The vacuum is the lowest energy state of a field in a certain region of space. This definition
implies that no particles can be present in the vacuum state. In classical physics, the only features
of vacuum are those of its geometry. For example, in the general theory of relativity the geometry
is a dynamical structure that guides the motion of matter, and, in turn, it is bent and curved by
the presence of matter. Other than this, the classical vacuum is a structure void of any physical
properties, since classically properties are strictly associated with physical objects such as particles
and finite-amplitude fields. The situation is very different in quantum physics. As I will show
in this paper, the difference stems from the fact that in quantum physics the properties are not
strictly tied to objects. We know for example that physical properties come into existence - as
values of observables - only when the object is measured. Thus, quantum physics allows us to
detach properties from objects. This has consequences: one does not need pre-existing real objects
to create actual properties, and indeed under certain perturbations the quantum vacuum produces
observable effects such as energy shifts and creation of particles. An open question is if by necessity
the vacuum comes with an embedded geometry, and if it is possible to construct viable physical
theories in which geometry is detached from the vacuum.
I. INTRODUCTION
The topic discussed in this paper is the vacuum, an
entity that has emerged as an object of intense study in
physics. Vacuum is what remains when all the matter,
or the particles corresponding to all the known fields,
are removed from a region of space. The philosophical
question that this paper aims at addressing is: in what
sense can this remaining entity be said to exist? Does it
have any properties - and how can it have properties if
nothing is there? If it doesn’t have any properties, how
can it be described at all - there seems to be nothing to
talk about. I will argue that quantum theory offers a
radical departure from the classical concept of property
as an attribute of an already-existing particle or field.
This has testable consequences: measurable effects (e.g.
energy shifts, radiation, effects on phase transitions) can
be created in a certain region of space without the need
of physical objects as carriers of those properties in that
region.
In the following, I will use the word “real” or “actual”
as referring to classical events - events that leave, some-
where in nature or in the laboratory, a classical record
or trace. “Classical” is what both the theory of rela-
tivity and quantum mechanics agree upon. Examples of
real entities are the results (values) of a measurement
in quantum physics, the clicks of particle detectors, the
bit of information (either 0 or 1) stored or recorded in
a macroscopic register, and the events from the theory
of relativity. I take for granted that the classical world
is real. For everything else - mathematical constructs,
quantum states, structures etc., I will use “to exist” and
“to be” in a rather generic way - otherwise I wouldn’t
know how to refer to these entities. Also I will use of
the words “property” and “structure” as referring both
to actual and potential properties and structures. Real
(actual) entities certainly have real (actual) properties,
while structures can be regarded formally as sets of prop-
erties with certain relations between them. For exam-
ple, the momentum and the position at a certain time
of a classical particle are real properties, while the La-
grangian, the law of motion, the Poisson bracket, etc.
are structures. The difference is that the former are the
result of a direct measurement, independent of the law
of motion, while the latter describe a specific law of dy-
namical evolution satisfied by these properties. But also
virtual or potential properties, such as the unmeasured
value of one observable when the system is in an eigen-
state of the canonically conjugate observable, can form
structures. Examples of such structures are the modes
of the electromagnetic field in a cavity, the geometry, or
the non-commutativity of operators in the Hilbert space.
As we will see, the main conclusion of this paper is that
the quantum vacuum is an entity endowed with plenty
of structure, which lies beneath the existential level of
“real” matter. Its ontological status as the seed of pos-
sibilities is derived from quantum physics. I give first a
brief sketch of the historical development leading to the
present notion of quantum vacuum, then I present a few
interesting open problems and connections between sev-
eral lines of investigation of this concept, both in physics
and philosophy.
II. BRIEF HISTORICAL INTERLUDE: THE
DEVELOPMENT OF THE CONCEPT OF
VACUUM UP TO THE QUANTUM ERA
Philosophical reflection about vacuum is as old as phi-
losophy itself. The Greek atomists Leucippus and Dem-
ocritus were the first to be worried whether the vacuum
is a well-defined concept or not. For them this was im-
portant, because, after all, what is left between the atoms
must be the void. If atoms are to be taken as constituents
2of the world, then so must be the void. Thus the atomists
clearly saw that both the full (the being) and the empty
(the non-being) have to be postulated as the primordial
elements.
Aristotle, following Plato’s thought, devised a num-
ber of rather ingenious arguments against the existence
of vacuum [1]. Some of these arguments have to do with
the difficulty of making sense of motion in vacuum, as one
would need some reference points with respect to which
to describe changes of the position. But in vacuum all
points would be equivalent, therefore, worries Aristotle,
motion cannot be defined. Moreover, motion in vacuum,
if vacuum exists, should continue forever, in flagrant con-
tradiction with Aristotle’s own physics that assessed that
motion is due to things aiming at reaching their natural
place. Besides these physics - based arguments, Aristotle
formulated a “logical” argument against the existence of
vacuum. Suppose one removes a body from the place it
occupies in space. If we were to attribute any reality to
the emptiness left behind, we would need to refer to it as a
body with the characteristics of existence (being). Imag-
ine now that we put back the body where it was. We are
now left with two bodies co-existing in exactly the same
region of space. In this case, Aristotle thinks, the vac-
uum would need to have rather miraculous properties. It
should be more like a fluid that perfectly penetrates the
initial body, filling exactly the same amount of space.
The Middle Ages did not bring up any significant de-
viation from Aristotle’s arguments. Nature’s abhorrence
of vacuum (horror vacui) was accepted by most thinkers.
But what did eventually turn the tables around in favor
of vacuum was the experiment: in the XVIIth century a
series of experiments due to Torricelli, Pascal, and von
Guericke demonstrated that removing the air from an
enclosure is technically possible, and from that moment
on the vacuum became a legitimate object of study for
science. Its ontological status remained however unclear
and would change several times during the next centuries.
As we will see below, it has remained, until nowadays,
tied with the concept of space, and as a result it would
go through the reformulations imposed by the Newto-
nian mechanics, by the theory of relativity, and by the
quantum physics.
In Decartes’s philosophy the refutation of the reality
of absolute space is mostly based on the association be-
tween extension and bodies. If bodies are removed, then
one cannot talk about extension anymore - thus absolute
space is absurd. What we call space is then an ensemble
of contiguities: the location of a body is a collection of re-
lations between the body and those immediately contigu-
ous to it. Motion is simply a change in these contiguity
relations [2].
Against this type of relationist thinking, due to
Descartes and to Leibniz as well, Newton exposes his
conception of absolute space and time in the famous
Scholium of Principia [3],
“Only I must observe, that the common people con-
ceive those quantities under no other notions but from
the relation they bear to sensible objects. And thence
arise certain prejudices, for the removing of which it will
be convenient to distinguish them into absolute and rel-
ative, true and apparent, mathematical and common.”
Following the great success of Newtonian mechanics,
space had become established as the universal receptacle
of objects. However, the “common people” (“vulgus” in
the original) eventually had their way: the corpuscular
view of light advocated by Newton had to yield to the
wave view of his contemporary Huygens. Later in the
XIX’th century the wave theory of light would get ex-
perimental confirmation through the work of Young and
Fresnel, and will be put on solid mathematical grounds
by Maxwell. But light needed a medium into which to
propagate as a wave, so it was conjectured that such a
medium called “ether”, filling the absolute space, would
exist. At the end of the XIXth century, the experiments
of Michelson and Morley showed however that there is
no motion with respect to the ether.
Finally, the theory of relativity of Einstein made re-
dundant the concept of ether and that of absolute time
and space. The conceptual pendulum swang back to the
relationists’ side [4]. The special theory of relativity in-
troduced the idea that length and time intervals are not
absolute quantities, but, instead, they depend on the
state of motion of the observer. The Lorentz transforma-
tion and the negative result of the Michelson and Mor-
ley experiment were explained as a natural consequence
of the postulates of relativity. From now on, spacetime
has become defined only in relation to a reference frame,
with each object dragging with it its own spacetime as
it moves. It is the concept of motion that forces us to
attach different vacua to objects moving with respect to
each other. Einstein explains it with exquisite clarity [5],
“When a smaller box s is situated, relatively at rest,
inside the hollow space of a larger box S, then the hollow
space of s is a part of the hollow space of S, and the
same ‘space’, which contains both of them, belongs to
each of the boxes. When s is in motion with respect to S,
however, the concept is less simple. One is then inclined
to think that s encloses always the same space, but a
variable part of the space S. It then becomes necessary
to apportion to each box its particular space, not thought
of as bounded, and to assume that these two spaces are
in motion with respect to each other.”
Finally, general relativity puts gravitation and nonin-
ertial motion into this picture. In the theory of general
relativity the coordinates (space and time) are even more
devoid of any physical meaning than in special relativity.
The metric is itself a solution of Einstein’s equations - if
this solution exists, space-time can be rightfully said to
exists. If it does not, such as in the singularities of black
holes or in the Big Bang, spacetime does not have any
meaning. If one somehow removes the metric, as given
by solving Einstein’s equations, what is left is not the
absolute flat spacetime of Newton - nothing is left.
3In Einstein’s words [5],
“There is no such thing as an empty space, i.e. a space
without field. Space-time does not claim existence on its
own, but only as a structural quality of the field. Thus
Descartes was not so far from the truth when he believed
he must exclude the existence of an empty space.”
Here the word field refers to the gravitational field,
which in the general theory of relativity can be seen, so
to say, almost co-substantial with the metric gµν (that is
why it is also called a metric field). This is, in brief, the
great conceptual shift introduced by the general theory of
relativity: that spacetime is a field with a dynamics of its
own, as determined by the configuration of matter, and
not just a fixed background attached to each reference
frame, as in the special theory of relativity. In modern
mathematical parlance, we say that general relativity is
a background-independent theory (due to diffeomorfism
invariance), meaning that the theory is not built on a
fixed spacetime geometry that exists behind the scenes,
unaffected by matter. Einstein’s equations tell us explic-
itly that there can be no such background that is left
unbent by the action of matter.
III. THE ARCHITECTURE OF THE
QUANTUM VACUUM
Three major philosophical assumptions about proper-
ties can be associated with the Newtonian world-view of
the world.
[A1] Properties are tied to physical objects (particles
or non-zero fields).
[A2] Space is distinct from and exists independently of
the objects (carrying properties) one chooses to populate
it with. The same is true for time. Space-time is the im-
mense theater stage where physical processes unfold, the
canvas where each dot is an event. One has, in principle,
access to any of these points.
[A3] True randomness does not exist. The observed
randomness of the properties of a system is simply a re-
sult of our lack of knowledge and imperfect control over
the experiment.
The rise of electrodynamics in the mid-19th century
did not change much [A1]. It only added fields, mostly
through the work of Faraday, as legitimate carriers of
properties. Neither did Boltzmann’s statistical mechan-
ics present a challenge to [A3], since there the perceived
randomness was presumed to be an effect of the motion
and collisions of many particles. It was the general theory
of relativity that changed [A2] to a large extend: the the-
ory suggests that spacetime itself can be bent due to the
presence of matter. A distribution of matter allows one
to calculate the metric of spacetime. But accessing any
of the points of spacetime is no longer taken for granted -
there can exist points where the theory predicts singular-
ities, event horizons prevent the transfer of information
from the inside of the region of space which they enclose,
and so on.
On this issue, the theory of relativity is not as radical
as one can be. As we have seen, for the thinkers before
Newton the connection between objects and spacetime
was even tighter. Spacetime might not mean anything in
the absence of objects. However, even in this conceptual
frame it still makes sense to ask what happens when we
attempt to remove all the objects from a certain region.
There are three possible answers: the first, that the prob-
lem is logically ill-defined. This seems to be what Aris-
totle preferred to believe. Another possibility is to view
the objects and their associated spacetime as analogous
to fluids: attempting to remove a part of the fluid is hope-
less because it will be immediately replaced by another
part of the fluid. Finally, the third view could be called
a “ceramical” view of spacetime: much like the tiles in
a glass mosaic, any attempt to remove one part of the
drawing results in the breaking of the glass, extracting
objects from the spacetime could result simply in some
type of nothingness. In this case, because spacetime is so
rigidly attached to the physical objects, it makes sense to
wonder if a spacetime structure is useful at all or it is just
redundant. This type of conceptual structure might not
allow to construct a physical theory in the usual sense:
as a story that unfolds in spacetime - simply because
there is no spacetime, or it is not clearly distinct from
the objects themselves.
But there is another way out. Quantum physics offers a
completely different perspective that completely changes
[A1] and [A3], and softens the alternatives to [A2] by in-
troducing more conceptual structure. The result is essen-
tially a probabilistic theory in which the evolution is not
applied directly to probabilities, but to probability am-
plitudes [6]. This automatically means that what evolves
are not the properties of the objects, but the possibilities
of the objects having certain properties. These proper-
ties become actualized (real) only after a measurement
of the corresponding observable. The assumption [A2] is
to some extend left unscathed: spacetime exists as an in-
dependent entity, but it acquires more structure beyond
just geometry.
Before proceeding further, it is worth stressing out that
so far [7] there is no prediction of quantum physics that
contradicts the general theory of relativity, or the other
way around. Of course, we do not know the limits of
these theories, and one may reasonably suspect for in-
stance that quantum mechanics will forbid the point-like
singularities of general relativity. Still, the fact that the
known domain of applicability of both of these theories
is so vast - from elementary particles to structures of
the size of galaxies - and yet no contradictory result has
been obtained is astonishing, especially when one looks
at how different are the concepts and assumptions the
two theories operate with. Even the combination of the
special theory of relativity with quantum physics in the
form of relativistic quantum field theory, producing the
very successful predictions of the Standard Model of par-
ticle physics, is not an easy conceptual marriage [8]. This
4situation is rather unique in the history of science, and
brings a novel twist to the discussion on falsifiability [9],
paradigm shifts [10], confirmation, etc., which would be
worth investigating further in the philosophy of science.
Another remark is that the assumptions [A1]-[A3] are
not exhaustive. I left aside for example the very impor-
tant supposition that interaction is strictly local (there is
no action-at-a-distance), a feature which is essential when
considering the dynamics of systems. This assumption is
maintained in standard quantum field theory - when writ-
ing the interaction Hamiltonian between two fields, it is
taken for granted that one field couples only to the other
field defined at the same point in spacetime. This, how-
ever, does not make quantum physics local in the classical
sense, because once they have interacted the particles (or
fields) can be separated in space and some of the proper-
ties that one ascribes to them via measurements cannot
result from local probability distributions. This type of
quantum non-locality, as famously put first in evidence
by Einstein, Podolsky and Rosen, is best expressed by
Bell inequalities, but, interestingly, it can also be put in
evidence as a purely logical contradiction [11].
A. The ontological status of the quantum vacuum
In quantum physics, vacuum is defined as the ground
state of a quantum field. It is a state of minimum energy,
corresponding to zero particles. Note that this definition
of vacuum uses already the conceptual and formal ma-
chinery of quantum field theory. It is justifiable to ask
weather it is possible to give a more theory-independent
definition with lesser theoretical load. In this situation
vacuum would be an entity which is explained - not just
defined within and then explored - by quantum field the-
ory. For example, one could attempt an operational def-
inition of vacuum as the state in which no particles are
detected. But then we have to specify how to detect the
particles, with what efficiency, etc., that is, we need a
model for the particle detector. Such a model, known as
the Unruh-DeWitt detector, is constructed however from
within quantum field theory. Therefore nothing seems to
be gained in explanatory power by an operational defini-
tion.
The vacuum is simply a special state of the quantum
field - implying that quantum physics allows the return of
the concept of ether, although in a rather weaker, modi-
fied form. This new ether - the quantum vacuum - does
not contradict the special theory of relativity because the
vacuum of the known fields are constructed to be Lorentz-
invariant. In some sense, each particle in motion carries
with it its own ether, thus Lorentz transformations act in
the same way on the vacuum and on the particle itself.
Otherwise, the vacuum state is not that different from
any other wavefunction in the Hilbert space. Attaching
probability amplitudes to the ground state is allowed to
the same degree as attaching probability amplitudes to
any other state with nonzero number of particles. In par-
ticular, one expects to be able to generate a real property
- a value for an observable - in the same way as for any
other state: by perturbation, evolution, and measure-
ment. The picture that quantum field theory provides
is that both particles and vacuum are now constructed
from the same “substance”, namely the quantum states
of the fields at each point (or, equivalently, that of the
modes). What we used to call matter is just another
quantum state, and so is the absence of matter - there
is no underlying substance that makes up particles as
opposed to the absence of this substance when particles
are not present. One could even turn around the tables
and say that everything is made of vacuum - indeed, the
vacuum is just one special combination of states of the
quantum field, and so are the particles. In this way, the
difference between the two worldviews, the one where ev-
erything is a plenum and vacuum does not exist, and the
other where the world is empty space (nonbeing) filled
with entities that truly have the attribute of being, is
completely dissolved. Quantum physics essentially tells
us that there is a third option, in which these two pic-
tures of the world are just two complementary aspects.
In quantum physics the objects inhabit at the same time
the world of the continuum and that of the discrete.
Incidentally, the discussion above has implications for
the concept of individuality, a pivotal one both in phi-
losophy and in statistical physics. Two objects are dis-
tinguishable if there is at least one property which can
be used to make the difference between them. In the
classical world, finding this property is not difficult, be-
cause any two objects have a large amount of properties
that can be analyzed to find a different one. To establish
if a painting is fake or it is the original is only a mat-
ter of practical difficulty. But, because in quantum field
theory objects are only combinations of modes, with no
additional properties, it means that one can have objects
which cannot be distinguished one from each other even
in principle. For example, two electrons are perfectly
identical. To use a well-known Aristotelian distinction,
they have no accidental properties, they are truly made
of the same essence. A very important related problem
is that of the distinguishability of non-orthogonal states,
which has attracted a lot of attention in quantum infor-
mation.
Another spectacular application of the idea that prop-
erties are detached from objects is quantum computing.
Unlike in classical computing, quantum processors do not
need to use objects (for example memory elements) as
physical support for each of the intermediate result of a
calculation [12]. The re-attachment of properties in the
form of the result of a calculation is done only at the end
of a series of unitary operations, when the registers are
measured.
To see in a simple way why quantum physics requires
a re-evaluation of the concept of emptiness the follow-
ing qualitative argument is useful: the Heisenberg uncer-
tainty principle shows that, if a state has a well-defined
number of particles (zero) the phase of the corresponding
5field cannot be well-defined. Thus, quantum fluctuations
of the phase appear as an immediate consequence of the
very definition of emptiness.
Another argument can be put forward: the classical
concept of emptiness assumes the separability of space in
distinct volumes. Indeed, to be able to say that nothing
exists in a region of space, we implicitly assume that it
is possible to delimitate that region of space from the
rest of the world. We do this by surrounding it with
walls of some sort. In particular, the thickness of the
walls is irrelevant in the classical picture, and, as long
as the particles do not have enough energy to penetrate
the wall, all that matters is the volume cut out from
space. Yet, quantum physics teaches us that, due to the
phenomenon of tunneling, this is only possible to some
extent - there is, in reality, a non-zero probability for a
particle to go through the walls even if classically they
are prohibited to do so because they do not have enough
energy. This already suggests that, even if we start with
zero particles in that region, there is no guarantee that
the number of particles is conserved if e.g. we change
the shape of the enclosure by moving the walls. This
is precisely what happens in the case of the dynamical
Casimir effect, as described below. Another consequence,
which I will not discuss here, is the existence of entan-
glement between different regions of space in the vacuum
state, a somewhat unexpected effect since the concept of
entanglement is usually discussed for particles. There is
yet another point of view that illustrates that in quan-
tum physics the idea of delimitating a region of space,
and taking the particles out of it, is tricky. The very
concept of a particle is not a local one in quantum field
theory [13], and defining the number of particle opera-
tor in a region of space is not trivial [14]. Particles are
extended objects but the operation of removing them is
by necessity local - thus when abstractly separating an
empty volume of space one needs further care to ensure
that no particle leaks in.
All these demonstrate that in quantum field theory the
vacuum state is not just an inert background in which
fields propagate, but a dynamic entity containing the
seeds of multiple possibilities, which are actualized once
the vacuum is disturbed in specific ways. This leads to
real effects, some of which are discussed in the next sub-
section: vacuum fluctuations result in shifts in the energy
level of electrons (Lamb shift), fast changes in the bound-
ary conditions or in the metric produce particles (dynam-
ical Casimir effect), and accelerated motion and gravita-
tion can create thermal radiation (Unruh and Hawking
effects).
B. Observable effects due to the quantum vacuum
There are several field-theoretical and many-body ef-
fects associated with the existence of vacuum fluctuations
[15, 16].
Measurements showing conclusively that differences in
vacuum energies have observable effects provided some
of the earliest experimental confirmations of quantum
physics. For example, one possibility is to measure the
vibrational spectra of molecules and to search for iso-
tope effects (a change in the mass of a nuclei will change
the zero-point energy, thus the transition frequencies).
The first observation of this effect was done by Mul-
liken in 1925, using boron monoxide. Since then, the
vacuum state has played an important role in countless
other experiments. For example, in X-ray scattering on
solids, it was shown that the zero-point fluctuations of
the phonons produces an additional scattering on top of
that due to thermal fluctuations. Other examples are
the Lamb shift between the energies of the s and p levels
in the hydrogen atom, and the fact that liquid helium
does not become solid at normal atmospheric pressure
even near zero temperature - the vacuum fluctuations
prevent the atoms of coming close enough so that solidi-
fication can occur. In nuclear physics, a related problem
is that of a fundamental limit of the size of nuclei [17].
As the charge number Z increases beyond approximately
1/α (where α is the fine structure constant), the elec-
tric fields near the nucleus produce vacuum instability
[18], and particle-antiparticle pairs are generated from
vacuum due to the Schwinger effect.
The dynamical Casimir effect was predicted theoreti-
cally in 1970 [19] and has been recently observed in two
experiments. The first one uses a SQUID terminating a
coplanar waveguide [20], creating a fast-moving bound-
ary condition. The other experiment employs an array
of SQUIDs, effectively realizing a material with a fast-
tunable index of refraction embedded in a cavity [21].
When the boundary condition (in the first setup) or the
index of refraction (in the second setup) changes fast
enough, one observes real photons emerging from the cir-
cuit, even if the system was initially in the vacuum state.
Quantum superfluids offer also a rich system to observe
vacuum effects: such experiments have been discussed in
superfluid He [22], and recently a thermal analog of the
dynamical Casimir effect has been reported in a Bose-
Einstein condensate [23].
In order to understand conceptually the dynamical
Casimir effect let us go back to Einstein’s gedankenex-
periment with the two boxes S and s, as presented in the
second section. Einstein realized that motion imposes on
us the concept of a relativistic, frame-dependent space.
This relative space is dragged along by the box (or frame)
as it moves. As a result, space is not just a kind of fixed
canvas onto which we draw reference frames, but, instead,
it is defined by and anchored into the reference frame.
With this, we are now ready to push Einstein’s thought
one step further. Because space is an entity effectively
created by some enclosure, this implies that deforming
the corresponding box or boundary condition might have
an effect on the space inside. For example, we can com-
press and expand the space itself by operating the box
as a piston in a cylinder. The result turns out to the cre-
ation of real particles. Einstein would have been amazed:
6quantum physics brings his own view on space to a very
unexpected consequence!
Finally, motion itself has an effect on the vacuum. Let
us look again back at Einstein’s boxes s and S. Each of
them carry their own vacuum. As they move one with
respect to each other, is the vacuum of S also seen as a
vacuum by s? The principle of relativity guarantees that
no phenomenon exists allowing to distinguish the vacua
of the two inertial systems, but for non-inertial motion
it does not put any restriction. It turns out that if s
is moved with respect to S at a constant acceleration, s
experiences a thermal background (an environment con-
taining particles in thermal equilibrium). This is the
Unruh effect [24]. Now, by the principle of equivalence,
gravitation is equivalent to acceleration, so one expects
a similar effect to occur in gravitational fields. This is
the famous Hawking effect [25], consisting in emission of
radiation at the event horizon of a black hole.
C. Where do properties come from
We now go back to the main theme of this paper: what
is the origin of the properties of physical objects? As
we have seen, we have to enlarge the category of en-
tities where properties can originate from, by including
the quantum vacuum. To make the difference more clear,
suppose that we have a region of space emptied of matter
and fields. Nothing real, in the sense defined in the in-
troduction, is there. Classically, the only way to create a
property inside that region is to bring in from outside an
object carrying that specific property. Note that this sim-
ple thought experiment relies on all of the assumptions
[A1], [A2], and [A3] listed above. These are not trivial
assumptions - although they look very innocuous, it is by
no means obvious that nature should obey them. In this
sense, Netwonian physics appears as a strongly coerced
theory, while relativity and quantum physics introduce
different relaxations of these assumptions. Firstly, New-
tonian physics needs to have the concept of space as in
[A2], existing independently of objects and with all the
points easily accessed. General relativity shows that this
does not happen if the object carrying the desired prop-
erty is too massive or if we insist of making it as much
as point-like - squeezing too much energy into too little
space could result in the formation of a black hole. Sec-
ondly, if [A1] and [A3] is not satisfied, then properties
could appear spontaneously in vacuum, as they do not
require either a real object to be attached to or a causal
chain of events that would produce them.
The experiments on generation of particles from the
quantum vacuum mentioned above (dynamical Casimir
effect) show that there exists another way of generat-
ing properties. Note that these experiments still use the
classical concept of spacetime background as in [A2], but
to explain them one needs to alter dramatically [A1] and
[A3] to accommodate the quantum-mechanical account of
randomness (there exists pure randomness) and proper-
ties (properties are not intrinsically attached to objects,
but are created contextually, as shown by the Kochen-
Specker theorem). Because in quantum field theory the
vacuum has a structure, properties can be generated at
a certain point by changes of this structure, and not just
by bringing them in from somewhere else. As mentioned
above already, one cannot do this classically: if a prop-
erty were to appear at some point in space, then classical
physics would tell us that, according to [A1] there must
be a real object that carries this property, and accord-
ing to [A2] there must be a causal story, enfolding in
the region of space-time under consideration, which one
must discover in order to have a complete description of
the phenomenon. To clarify this point, I can make an
analogy with the chairs for the public in a concert hall.
The arrangement of chairs in rows and the numbering of
the chairs in each row, the association of higher prices
to better seats etc., provides a structure for the prob-
ability distribution of spectators. For example, if one
tries to buy a ticket, the options are limited by the to-
tal number of seats, by the number of already-reserved
seats, and by the budget of that person. The spectators
are here the properties: they might buy a certain seat
and show up to the concert - or not. However, to create
this arrangement of seats in the concert hall one needs
to bring in the chairs from outside: there must be some
energy and mass to support this structure, and this en-
ergy and mass can be recovered if for example the concert
hall is renovated and the chairs are removed. This situ-
ation is in contrast to the quantum vacuum, where the
structure exists as such, ready to acquire real properties,
without being constructed beforehand by energy or mass
previously brought in from elsewhere. By definition, the
vacuum is the ground state, therefore (unless the system
is metastable) there is no other lower-energy state where
the system would go to if one attempts to extract energy
from it. This feature has experimental applications, for
example to verifying that systems such as nanomechan-
ical oscillators have reached the ground state [26]. Note
that in the case of the dynamical Casimir experiments
mentioned above, the energy of the particles comes from
the pump in a two-photon spontaneous downconversion
process: the vacuum only provides a structure for this
process to occur, and it is not the case that the vacuum
energy is converted into photons. In general, deforming,
shearing, modifying boundary conditions, and changing
the index of refraction of the vacuum results in energy
exchange - for example, in the static Casimir effect it
costs energy to pull apart the two plates. The quantum
vacuum behaves, from this point of view, almost as a
real material. Clearly, the ontological status of an entity
that is not made of real particles but reacts to external
actions does not fall straight into any of the standard
philosophical categories of being/non-being.
7IV. AN EMPTINESS FULL OF UNKNOWNS
A significant number of important open problems in
physics are connected to the concept of vacuum. I will
briefly discuss here a few of them.
A. What lies beneath the continuous spacetime
manifold
If the quantum vacuum displays features that make it
resemble a material, albeit a really special one, we can
immediately ask: then what is this material made of? Is
it a continuum, or are the “atoms” of vacuum? Is vacuum
the primordial substance of which everything is made of?
Such questions lead us to the very edge of our knowledge.
To make these big questions more understandable, we can
start by decoupling the concept of vacuum from that of
spacetime.
As we have seen, the concept of vacuum as accepted
and used in standard quantum field theory is tied with
that of spacetime. This is important for the theory of
quantum fields, because it leads to observable effects. It
is the variation of geometry, either as a change in bound-
ary conditions [20] or as a change in the speed of light
(and therefore the metric) [21] which is responsible for the
creation of particles. Now, one can legitimately go fur-
ther and ask: which one is the fundamental “substance”,
the space-time or the vacuum? Is the geometry funda-
mental in any way, or it is just a property of the empty
space emerging from a deeper structure?
These questions force us to go back to reexamining the
most basic conceptual cornerstones of our physical the-
ories. That geometry and substance can be separated
is of course not anything new for philosophers. Aristo-
tle’s distinction between form and matter is one example.
For Aristotle the “essence” becomes a true reality only
when embodied in a form. Otherwise it is just a substra-
tum of potentialities, somewhat similar to what quan-
tum physics suggests. Immanuel Kant was even more
radical: the forms, or in general the structures that we
think of as either existing in or as being abstracted from
the realm of independently-existing reality (the thing-in-
itself or the noumena) are actually innate categories of
the mind, preconditions that make possible our experi-
ence of reality as phenomena. Structures such as space
and time, causality, etc. are a priori forms of intuition
- thus by nature very different from anything from the
outside reality, and they are used to formulate synthetic
a priori judgments. But almost everything that was dis-
covered in modern physics is at odds with Kant’s view
[27]. In modern philosophy perhaps Whitehead’s pro-
cess metaphysics [28] provides the closest framework for
formulating these problems. For Whitehead, potentiali-
ties are continuous, while the actualizations are discrete,
much like in the quantum theory the unitary evolution is
continuous, while the measurement is non-unitary and in
some sense “discrete”. An important concept is the “ex-
tensive continuum”, defined as a “relational complex”
containing all the possibilities of objectification. This
continuum also contains the potentiality for division; this
potentiality is effected in what Whitehead calls “actual
entities (occasions)” - the basic blocks of his cosmology.
For the pragmatic physicist, since the extensive contin-
uum provides the space of possibilities from which the
actual entities arise, it is tempting to identify it with
the quantum vacuum [29]. The actual entities are then
assimilated with events in spacetime, as resulting from
a quantum measurement, or simply with particles. The
following caveat is however due: Whitehead’s extensive
continuum is also devoid of geometrical content, while the
quantum vacuum normally carries information about the
geometry, be it flat or curved.
It is reasonable to expect that the continuous differen-
tiable manifold that we use as spacetime in physics (and
experience in our daily life) is a coarse-grained manifesta-
tion of a deeper reality, perhaps also of quantum (prob-
abilistic) nature. This search for the underlying struc-
ture of spacetime is part of the wider effort of bringing
together quantum physics and the theory of gravitation
under the same conceptual umbrella. From various the-
oretical considerations, it is inferred that this unification
should account for physics at the incredibly small scale
set by the Planck length, 10−35m, where the effects of
gravitation and quantum physics would be comparable.
What happens below this scale, which concepts will sur-
vive in the new description of the world, is not known.
An important point is that, in order to incorporate the
main conceptual innovation of general relativity, the the-
ory should be background-independent. This contrasts
with the case of the other fields (electromagnetic, Dirac,
etc.) that live in the classical background provided by
gravitation.
The problem with quantizing gravitation is - if we be-
lieve that the general theory of relativity holds in the
regime where quantum effects of gravitation would ap-
pear, that is, beyond the Planck scale - that there is no
underlying background on which the gravitational field
lives. There are several suggestions and models for a
“pre-geometry” (a term introduced by Wheeler) that are
currently actively investigated (see e.g. [30] for a non-
technical review). This is a question of ongoing inves-
tigation and debate, and several research programs in
quantum gravity (loops, spinfoams, noncommutative ge-
ometry, dynamical triangulations, etc.) have proposed
different lines of attack [31]. Spacetime would then be
an emergent entity, an approximation valid only at scales
much larger than the Planck length.
Incidentally, nothing guarantees that background-
independence itself is a fundamental concept that will
survive in the new theory. For example, string theory
is an approach to unifying the Standard Model of parti-
cle physics with gravitation which uses quantization in a
fixed (non-dynamic) background. In string theory, gravi-
tation is just another force, with the graviton (zero mass
and spin 2) obtained as one of the string modes in the
8perturbative expansion. A background-independent for-
mulation of string theory would be a great achievement,
but so far it is not known if it can be achieved.
Models of emergent spacetimes can be constructed by
analogy with the low-energy models used in condensed-
matter physics [32]. One recent particularly simple to
understand such construction is the quantum graphity
model of Markopoulou and collaborators [33], a model
inspired from loop quantum gravity. In this model the
geometry emerges from a probabilistic structure which
is itself of quantum-mechanical nature: geometrical re-
lations are given by the links between the nodes of a
graph, and these links are created and annihilated by
standard quantum-mechanical creation and annihilation
operators. Two nodes are in a relation of spatial vicin-
ity only if the link between them is in the state “con-
nected”, as resulting from the action of the creation op-
erator on the vacuum. Note that the graph does not live
in spacetime: it is an abstract lattice describing connec-
tion relationships between nodes. The geometry is emer-
gent as the overall connectivity of the graph. The con-
cept of proximity is therefore probabilistic (in the sense
of quantum mechanics) and it allows for states that are
quantum-mechanical superpositions of connected or dis-
connected links, yielding also superpositions of geome-
tries.
B. Time, gravitation, energy, and the origin of the
Universe
The relationship between the quantum vacuum and
other fundamental concepts in physics such as time, grav-
itation, and energy is not easy to pin down, but some of
these connections are intriguing.
Time is one of the most difficult concepts in physics.
It enters in the equations in a rather artificial way - as an
external parameter. Although strictly speaking time is a
quantity that we measure, it is not possible in quantum
physics to define a time-observable in the same way as
for the other quantities that we measure (position, mo-
mentum, etc.). The intuition that we have about time is
that of a uniform flow, as suggested by the regular ticks
of clocks. Time flows undisturbed by the variety of events
that may occur in an irregular pattern in the world. Sim-
ilarly, the quantum vacuum is the most regular state one
can think of. For example a persistent superconducting
current flows at a constant speed - essentially forever.
Can then one use the quantum vacuum as a clock? This
is a fascinating dispute in condensed-matter physics [34],
formulated as the problem of existence of time crystals.
A time crystal, by analogy with a crystal in space, is
a system that displays a time-regularity under measure-
ment, while being in the ground (vacuum) state. These
systems might not exist in the form originally proposed
[35], but the research into this new concept will proba-
bly bring up unexpected connections between time, the
quantum vacuum, and the concept of spontaneously bro-
ken symmetry.
Then, if there is an energy (the zero-point energy) as-
sociated with empty space, it follows via the special the-
ory of relativity that this energy should correspond to an
inertial mass. By the principle of equivalence of the gen-
eral theory of relativity, inertial mass is identical with the
gravitational mass. Thus, empty space must gravitate.
So, how much does empty space weigh? This question
brings us to the frontiers of our knowledge of vacuum -
the famous problem of the cosmological constant, a prob-
lem that Einstein was wrestling with, and which is still
an open issue in modern cosmology [36, 37].
Finally, although we cannot locally extract the zero-
point energy of the vacuum fluctuations, the vacuum
state of a field can be used to transfer energy from one
place to another by using only information. This proto-
col has been called quantum energy teleportation [38] and
uses the fact that different spatial regions of a quantum
field in the ground state are entangled. It then becomes
possible to extract locally energy from the vacuum by
making a measurement in one place, then communicating
the result to an experimentalist in a spatially remote re-
gion, who would be able then to extract energy by making
an appropriate (depending on the result communicated)
measurement on her or his local vacuum.
All of the above suggest that the vacuum is the primor-
dial essence, the ousia from which everything came into
existence. Some models suggests that even the spacetime
can be seen as an emergent structure. So does Nature try
to tell us something about the grand metaphysical ques-
tion - why there is something rather than nothing - but
what exactly [39]? Does vacuum play the crucial role in
the coming into existence of the Universe as we know it
[31, 40]?
V. CONCLUSIONS
To conclude, I describe the concept of quantum vac-
uum in close relation with the latest experimental results
that show how particles can be generated by processes
such as the dynamical Casimir effect. I then explore
the Newtonian-physics assumptions behind the concept
of property and show how these are to be modified by
relativity and especially by quantum physics. Quantum
physics allows for the vacuum state to have an intrinsic
structure that provides the “possibility grid” for events,
or for entities that we can call real with full confidence.
Potentialities are thus actualized as properties when the
vacuum is disturbed or measured in specific ways.
The emergence of properties by this mechanism sheds
new light onto the intricate relation between the quan-
tum and the classical, but does not solve the deep clash
between these worlds. Fundamentally, it is perhaps the
concept of separation that would need revising. Vacuum
itself is possible because one can separate things from
one region of space into another. In quantum physics we
have the separation between the object under study and
9the observer (the measurement apparatus). The object
under study is quantum while the observer is classical -
thus each of them is thought of as obeying a different
dynamics, the unitary quantum evolution of the wave
function for the object, and the classical equations of
motion for the observer. The interaction between the
two collapses the wavefunction, resulting in a nonunitary
evolution of the object. This separation does not exist as
such in general relativity - there everything, that is, both
the object under study and the observer are part of the
same dynamical equation: they experience the curvature
of spacetime and, by virtue of having mass, they gener-
ate the gravitational field themselves. Yet at the same
time, quantum physics allows for the existence of entan-
glement between objects that are localized at different
places in space, a feature that seems difficult to accom-
modate with the theory of relativity. Merging quantum
theory with gravitation will therefore most likely require
drastically new concepts, also from the direction of what
“ emptiness” means. A frontal approach to the problem
of merging gravitation and quantum physics - attempting
for example to quantize the gravitational field - might not
the best way to proceed, since quantum physics assumes
(and hides it very well in the formalism) the existence
of a spacetime background in which the measuring appa-
ratus is placed. In other words, the distinction between
the object to be quantized and this background cannot
be maintained when the object is the spacetime itself.
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